Introduction
Polyvinylpyrrolidone (PVP) is a synthetic polymer used in solution for many medical purposes, namely in sprays, as an ophthalmic lubricant, or in subcutaneous injections as a 'retardant' or a 'vehicle' (e.g. for follicle stimulating hormone, Kanayama et al., 1994) , or intravenously as a plasma expander. Cutaneous or subcutaneous PVP treatments cause abscesses, granulomas, pseudotumours, inflammations, and muscle swelling. After intravenous administration, deposits in osteocytes and consequent bone fractures have been recorded (Kepes et al., 1993) . In laboratories, PVP is used as a quenching agent for analysis, and in the micromanipulation of gametes. Under the name of Percoll, it is a well-known selecting agent for spermatozoa, and a cryoprotectant for the conservation of embryos (Titterington et al., 1995; Saha et al., 1996) and spermatozoa (De Leeuw et al., 1993) . In assisted reproduction by microinjection PVP has been successfully used to increase the viscosity of the sperm solution, thus facilitating the handling of spermatozoa (Fishel and Jackson, 1986; Lanzendorf et al., 1988) . Moreover, it has been shown to stabilize the sperm plasma membrane (Dozortsev et al., 1995a) , so delaying calcium oscillations in the sperm-penetrated oocyte, as well as preventing nuclear decondensation (Clarke and Johnson, 1988; Dozortsev et al., 1995b) and DNA lesions (Ray et al., 1995) . Nevertheless, PVP was found by De Leeuw et al. (1993) to reduce bull sperm membrane integrity and by Bras et al. (1994) to be toxic when injected into mouse zygotes. The 120 © European Society for Human Reproduction and Embryology sperm immobilization and the breaking of sperm membrane apparently increase the success of intracytoplasmic sperm injection (ICSI), possibly for the following reasons: initiation of the acrosome reaction, induction of the oocyte activation, and prevention of the ooplasma disruption by the actively motile sperm tail (Fishel et al., 1995) . More recently Motoishi et al. (1996) and Saha et al. (1996) found that when PVP is injected into bovine zygotes it is neither detrimental to embryonic development nor to embryo quality. Obviously, the direct effect of PVP on sperm structure and function is still controversial.
We have applied our submicroscopical method of sperm evaluation (Baccetti et al., 1995 (Baccetti et al., , 1997 Strehler et al., 1995; Piomboni et al., 1996) to this problem.
Materials and methods
The experiment was carried out on 12 patients of proven natural fertility. Semen samples were collected after 3-4 days of sexual abstinence and liquefied at 37°C. Subsequently the samples were diluted with Ham's F-10 medium supplemented with 1% serum albumin. After an additional washing step, 0.1 ml of sperm suspension of each patient was added to 0.5 ml of a 10% PVP solution in HEPES-buffered medium (PVP; Guck, Hamburg, Germany) and incubated for 30 min. An aliquot was treated, as previously stated, omitting PVP. Both fractions from each patient were washed in the medium and fixed in cold Karnovsky fluid. Afterwards, the samples were prepared for transmission electron microscopy as described in Strehler et al. (1995) . Sections were observed and photographed with a Philips CM10 electron microscope (Philips, Eindhoven, The Netherlands).
Statistical evaluation
The data concerning the various sperm organelles were evaluated in 100 suitable sections and reported in the form of Baccetti et al. (1997) , and the number and the percentage of spematozoa free from defects was calculated for each sample using the formula of Baccetti et al. (1995) . This formula is based on the Bayesian method and utilizes the statistical probability of the presence and number of an array of defects affecting sperm organelles. Thus the formula allows the submicroscopical statisical evaluation of the total 'health' of a sperm population, also taking into account the correlation among the various malformations. Therefore we can estimate the percentage and the total number of spermatozoa devoid of substructural defects. Several defects are involved in poor sperm shape and motility, and these characteristics are automatically included in the diagnosis. In each patient the differences between the spermatozoa treated with the pure medium and those treated with the medium supplemented with PVP were evaluated by the paired t-test. For each patient, the quality of the various organelles was evaluated taking into account the percentages of each characteristic by examining and comparing the untreated and PVP-treated fractions. . The sperm organelles deteriorated by the PVP treatment are: the acrosomes which appear swollen (sA), reacted or absent (double arrows); the chromatin, which is granular and decondensed (dCh), and the mitochondria (sM), which are swollen and badly shaped. The most affected organelle is the plasma membrane, which appears broken in an high percentage of the cells (arrows). Magnifications: (2) ϫ6000; (3) ϫ7200. Figure 4 . Cross-sections of sperm tails after polyvinylpyrrolidone treatment. The plasma membrane is broken (arrows); the mitochondria are swollen (sM), the axoneme (aAx) is disassembled. Magnification: ϫ37 000.
In the subsequent statistical analysis, results were expressed as means Ϯ SEM. The Shapiro-Wilk W'-test was used to determine if the values conformed to a normal distribution. Because the data were normally distributed the paired t-test was used to assess the statistical significance between the groups. P Ͻ 0.05 was considered to be significant.
Results
Examined all together, the untreated sperm fractions (Figure 1 ) and the PVP-treated fractions (Figures 2-4) were significantly different (Table I) : the means of the percentages of spermatozoa devoid of defects were respectively 4.2808 against 0.5490, Table I . Effect of medium alone and addition of 10% polyvinylpyrrolidone (PVP) on the percentage of spermatozoa devoid of defects in sperm samples ejaculated by 12 fertile men. The significant difference between the means of the percentages of 'healthy spermatozoa' (according to the formula of Baccetti et al., 1995) with a paired t-test corresponding to P ϭ 0.001. It seems therefore that PVP strongly affected the fine structure of spermatozoa.
It was important to observe how single organelles reacted to PVP. Some characteristics were unaffected by the treatment: the state of spermatozoa (if single or multiple), the presence of cytoplasmic residue, the presence of both dynein arms in the axonemal doublets, the mature chromatin, and the axonemal shape (rolled up) were insignificantly different in the means of the treated and untreated fractions of the 12 patients. All these characteristics depend on maturation phenomena or are genetically determined (e.g. dynein arms).
The other 14 characteristics are significantly different in the two groups (Table II) . The acrosomal features (position, shape, dimension, content) were strongly affected by PVP treatment, with mean differences of P ϭ 0.025, P ϭ 0.048, P ϭ 0.024, P ϭ 0.026 respectively. Also, the percentage of absent and reacted acrosomes significantly increased (P ϭ 0.019). Moreover, some nuclear features were affected by PVP, markedly the shape (P ϭ 0.000), the condensation (P ϭ 0.001), and the presence of disrupted chromatin (P ϭ 0.002) (Figures 2 and 3 ).
Mitochondria were also sensitive to PVP treatment ( Figures  2-4) : their shape deteriorated compared to the untreated sample with a significant difference corresponding to P ϭ 0.001, and the helical assembly with a value of P ϭ 0.004. Furthermore a 122 few general features of the axoneme were affected by PVP (Figure 4 ): the 9ϩ2 pattern was altered with a difference in the means of the percentages corresponding to P ϭ 0.004; accessory parergin fibres were significantly deteriorated (P ϭ 0.003), as well as the fibrous sheath (P ϭ 0.001). The plasma membrane was disrupted by PVP (Figures 2-4) with the highest significant difference (P ϭ 0.000) with respect to the untreated samples (Figure 1 ).
Discussion
We have obtained a precise evaluation of the submicroscopic alterations caused by PVP in human sperm structure. Previously De Leeuw et al. (1993) observed by light microscopy a disintegration of the plasma membrane, while Clarke and Johnson (1988) and Dozortsev et al. (1995b) found that PVP prevented nuclear sperm decondensation after egg penetration. Moreover, Fishel et al. (1995) postulated stimulation of the acrosome reaction by PVP.
We find that the acrosome and the plasma membrane are the most affected sperm components, together with mitochondria, whose membranous characteristics are also disturbed. All of these alterations can be associated with the break of the membranes, evidently not prevented by membrane stabilization proposed by Dozortsev et al. (1995b) . As far the nucleus is concerned, both Clarke and Johnson (1988) and Dozortsev et al. (1995b) propose that in ICSI the decondensation of chromatin, in injected spermatozoa, is prevented by PVP. In our experiments the nucleus appears as a largely damaged structure, both in the shape and in the texture of the chromatin, which is frequently decondensed. This nuclear deterioration is possibly caused by a general breakdown of sperm membranes, and subsequent necrotic processes. Also the significant deterioration of a few delicate tail components, such as axonemal tubules, fibrous sheath and accessory fibres can be explained as a consequence of the membrane disintegration, as happens in cryopreserved spermatozoa. No signs of apoptosis, very frequent in spermatozoa in other circumstances (Baccetti et al., 1996) , are present.
In conclusion we propose that PVP exerts primarily a disintegrating effect on the various kinds of sperm membranes, and, as a secondary consequence of the eventual necrotic process, alteration of chromatin and cytoskeletal components. All of these characteristics are usually consequences of infection and status of inflammation in the seminal fluid: the effect of PVP in vitro on the sperm population seems to fall into the same category.
